The DNA duplex d(CTCTCG*AGTCTC)·d(GAGAC-TC*GAGAG) containing a single trans-diamminedichloroplatinum(II) interstrand cross-link (where G* and C* represent the platinated bases) has been studied by two-dimensional NMR. All the exchangeable and non-exchangeable proton resonance lines were assigned (except H5′ ′ ′ ′/H5′′ ′′ ′′ ′′) and the NOE intensities were transformed into distances via the RELAZ program. By combining the NOESY and COSY data (330 constraints) and NMR-constrained molecular mechanics using JUMNA, a solution structure of the cross-linked duplex has been determined. The duplex is distorted over two base pairs on each side of the interstrand cross-link and exhibits a slight bending of its axis (~20°°°°) towards the minor groove. The platinated guanine G* adopts a syn conformation. The rotation results in a Hoogsteen-type pairing between the complementary G 6 * and C 19 * residues which is mediated by the platinum moiety and is stabilized by a hydrogen bond between O6(G 6 *) and N4H(C 19 *). The rise between the cross-linked residues and the adjacent residues is increased owing to the interaction between these adjacent residues and the ammine groups of the platinum moiety. These results are discussed in relation to the slow rate of closure of the monofunctional adducts into interstrand cross-links.
INTRODUCTION
cis-diamminedichloroplatinum(II) (cisplatin) is one of the most widely used drugs for the treatment of human cancers. Cisplatin triggers cell death by apoptosis but its complete mechanism of action as well as the way cells develop resistance to the drug are not yet elucidated (1) (2) (3) . It is generally accepted that the target of cisplatin is cellular DNA. The major lesions formed in the reaction between cisplatin and DNA are 1,2-intrastrand cross-links between adjacent purine residues. Interstrand cross-links are minor lesions and are preferentially formed between two guanine residues on opposite strands at d(GpC)·d(GpC) sites (4) (5) (6) . Although the recently reported specific recognition of cisplatin-modified DNA at d(PupPu) sites by several proteins gives strong support for the hypothesis of a key role played by the major 1,2-intrastrand cross-links (7) one cannot totally exclude a role of the interstrand cross-links (8) .
The systematic study of platinum complexes led to empirical pharmacological structure-activity relationships. The complexes must have the cis conformation since trans-diamminedichloroplatinum(II) (transplatin), the stereoisomer of cisplatin, is clinically inactive. For steric reasons, transplatin cannot form intrastrand cross-links between adjacent purine residues which could explain its inefficiency (4, 6) . However, recent studies have shown that several complexes with trans geometry for the leaving groups have antitumor activity and are able to overcome cisplatin resistance of cancer cells (9) (10) (11) (12) (13) (14) .
Numerous studies support the hypothesis that the formation of adducts in the reaction between DNA and cisplatin or transplatin proceeds in two successive solvent-assisted reactions (4) (5) (6) . Both compounds react preferentially with G residues and form monofunctional adducts. The cisplatin monofunctional adducts react further and form bifunctional adducts within a few hours. Closure of the transplatin monofunctional adducts is at least 10 times slower and results mainly in the formation of interstrand cross-links (15) . Intrastrand cross-links, if formed, are rare products (16, 17) . Another major difference between cisplatin and transplatin is that in the interstrand lesions transplatin cross-links complementary G and C residues (15) . Interestingly, G-C interstrand cross-links also result from the rearrangement of (G1,G3) interstrand cross-links triggered by the pairing of single-stranded transplatin-modified oligonucleotides with their complementary strands (8) .
The distortions induced in the DNA double helix by cisplatin interstrand cross-links have been studied by several approaches (8) including recent NMR and crystallographic studies (18) (19) (20) . In contrast, the distortions induced by transplatin interstrand cross-links have only been described by means of gel electrophoresis, chemical probes and molecular modeling (21) . From these studies it has been inferred that the double helix is distorted on both sides of the cross-link but that the bases are still paired. The double helix is unwound by~12°and its axis is bent by~26°.
Taking into account the promising clinical applications of new platinum complexes having the trans geometry, the need for a complete explanation of the clinical inefficiency of transplatin, the induced rearrangement of transplatin (G1,G3) intrastrand cross-links into interstrand cross-links and the unexpected difference in the nature of the bases cross-linked by cisplatin and transplatin, it appeared to us of importance to give a detailed description of the distortions induced in DNA by transplatin interstrand cross-links. In this paper we report the solution structure of a double-stranded oligonucleotide d(CTCTCG*AGTCTC)·d(GAGACTC*GAGAG) containing a single transplatin interstrand cross-link between complementary G and C residues determined using 1 H NMR spectroscopy and NMR-constrained molecular mechanics with the program JUMNA.
MATERIALS AND METHODS

Oligonucleotide platination and sample preparation
The two purified oligonucleotides d(CTCTCGAGTCTC) and d(GAGACTCGAGAG) were purchased from the Institut Pasteur (Paris). Preparation of the duplex containing a single trans-diammineplatinum interstrand cross-link was done as previously described (22, 23) and can be summarized as follows (where represents the transplatin cross-link):
Briefly, the pyrimidine-rich strand was first reacted with transplatin. The platinated oligonucleotide containing a single 1,3-trans{Pt(NH 3 ) 2 [d(GAG)]} intrastrand cross-link was then purified by strong anion exchange chromatography on a Pharmacia FPLC system equipped with a monoQ column. The molar amount of platinated oligonucleotide (Na + form) was deduced from its weight and from the UV absorbance of the sample resuspended in water (the effect of platination on the oligonucleotide extinction coefficient was neglected). Then, one molar equivalent of the complementary strand was added (the appropriate amount was determined according to both the UV absorbance of the oligonucleotide solution and the weight of the dried sample). The ratio between the two strands was further checked by strong anion exchange chromatography (22) . Then, the duplex (3 µM final concentration) in 500 mM NaCl, 0.2 mM EDTA, 10 mM phosphate buffer, pH 7.5, was incubated at 20°C in the dark. Formation of the duplex triggered rearrangement of the intrastrand cross-link into an interstrand cross-link (22, 23) . The progress of the interstrand cross-linking reaction was monitored by FPLC on a monoQ column. After 2 weeks, the reaction was almost complete with duplexes containing an interstrand cross-link representing >95% of the reaction products. The reaction mixture was then desalted on a Sep-Pak column and then on a Chelex-100 column. The platinated duplex was used directly for NMR experiments without further purification.
NMR spectroscopy
The platinated duplex solution was lyophilized several times in D 2 O and dissolved in D 2 O containing 100 mM NaCl. The NMR sample (2 mM duplex) was degassed and kept in a sealed tube.
NMR experiments were carried out with a Bruker AMX500 spectrometer operating at 11.74 Tesla and processed on a X32 computer. Typically, spectra were recorded with 1024 complex data points in the domains t 1 and t 2 . The data matrix was resolution enhanced by a Gaussian window function in direction 1. All D 2 O experiments were recorded with the carrier frequency set to the HDO resonance, a weak presaturation, and a sweep width of 5001 and 5050 Hz in the F1 and F2 dimensions, respectively. For H 2 O experiments, sweep widths of 7203 and 12 820 Hz were used in the F1 and F2 dimensions, respectively, and the last π/2 pulse was replaced by a jump and return selective excitation (24) in the NOESY spectra. Two-dimensional data sets for DQF-COSY, TOCSY and NOESY spectra were collected in the States mode (25) . Clean TOCSY (26) experiments were recorded at 80 ms mixing time. For the 2-dimensional spectrum recorded in H 2 O, the baseline was corrected following the procedure described by Marion et al. (27) .
Four NOESY spectra in D 2 O were run at 12°C with mixing times of 0, 80, 150 and 300 ms and were used to measure the NOE intensities. A NOESY spectrum with 600 ms mixing time was run at 20°C in D 2 O for assignment and a NOESY spectrum with 300 ms mixing time was run at 13°C in H 2 O, 10% D 2 O for exchangeable proton assignment. These spectra were collected without removing the sample from the spectrometer or changing any frequency or gain. For each t 1 value, 64 scans were collected with a relaxation delay of 2.2 s between transients. The data used for distance calculations were not apodized with the t 2 dimension and were processed with a sine squared 90°phase-shifted function. This light apodization function did not distort the signal intensities, and the resulting peaks have no truncation effects.
Each NOE value was obtained by dividing the corresponding cross-peak volume by the diagonal peak volume obtained at 0 mixing time (28) . The same processes were used to simulate the NOE via the complete relaxation matrix. The cross-peak volumes were calculated with the integration routines of the UXNMR software package (Bruker).
Molecular modeling
Modeling of the cross-linked duplex was performed using the internal coordinate program JUMNA (29) . Based on a combination of internal and helical variables, this program permits important and efficient structural deformations during energy minimization. The transplatin residue was treated as a ligand coordinated to N7 of G 6 * and N3 of C 19 * through special types of bonding constraints on distances (N-Pt = 2.05 Å) (30, 31) , valence angles and dihedral angles to form an approximately squareplanar complex. Special care was taken to conserve the Pt-N7 bond within the bisecting plane of the C5-N7-C8(G 6 *) valence angle and the Pt-N3 bond within the bisecting plane of the C2-N3-C4(C 19 *) valence angle. The N7(G 6 *)-Pt-N3(C 19 *) valence angle was constrained to 180°. The monopole charges of the cross-linked G* and C* and of the transplatin residue were in accordance with Prévost et al. (32) .
An unknown distance d ij between two protons giving rise to a NOE intensity can be determined from a reference distance d kl using the following relationship:
A suitable reference vector in nucleic acids is the cytosine H6-H5 vector, whose length is constant and known (2.46 Å). A global correlation time of 5.3 ns was obtained by fitting the experimental NOE values for the H6-H5 of cytosines for 80, 150 and 300 ms mixing times. The NOE intensities were converted into distances using the full relaxation matrix calculation (33) . This approach has been incorporated in the RELAZ program (34) in which proton-proton distances are determined from a starting model of the structure. These distances are then introduced into the JUMNA program as distance constraints. After the first constrained energy minimization obtained with only the shorter distance constraints (≤3 Å), the resulting structure was used to compute new target distances according to the relation (34):
These new distances are iteratively updated until all the observed intensities agree with the corresponding calculated NOE intensities. Figures 1 and 2 show the NOESY spectra of the non-exchangeable protons of the cross-linked duplex d(CTCTCG*AGTC-TC)·d(GAGACTC*GAGAG). All the non-exchangeable proton resonance lines (except H5′/H5′′) were assigned and their chemical shifts are given in showed connectivities typically observed in a right-handed helix, i.e. the ones between the aromatic proton H6 or H8 and H1′ or H2′′ of their 5′-neighbor as well as those between H5 of cytosine or CH3 of thymine and the H6 or H8 protons of the 5′-neighboring nucleotide. However, several anomalies were observed for the connectivities expected between the crosslinked G 6 * or C 19 * and their adjacent neighbors, indicating the presence of structural features not present in B-DNA.
RESULTS AND DISCUSSION
NMR assignment of the non-exchangeable protons
For all the mixing times used, the H8-H1′ cross-peak of G 6 * was much stronger than all the other cross-peaks (Fig. 2) . Because the distance between the ring H8 and the sugar H1′ proton does not depend on the sugar conformation but only on (Fig. 1 ) indicated large distances separating the base pairs. These data were confirmed by the absence of NOEs between H1′/H2′/H2′′(G 6 *) and H6(C 5 ) as well as between H1′/H2′/H2′′(C 6 ) and H6(T 7 ).
In addition, unusual chemical shifts were observed for residues 5-8 ( Table 1 ). The resonance position of a particular proton in a molecule is in essence determined by its chemical environment. In a DNA double helix, the direct environment of any particular proton is determined by the nucleotide sequence which itself affects the local conformation. 
NMR assignment of the exchangeable protons
Because of significant overlap, only a few imino-imino connectivities could be determined from the NOESY spectra of exchangeable protons. However, the 1 H NMR 1-dimensional spectrum permitted the assignment of all the imino protons ( Fig. 3) with the exception of H1(G 6 *) ( Table 1 ). The data support the presence of Watson-Crick base pairs although the terminal residues G 24 , T 2 and G 13 and the central one G 20 are involved in fast chemical exchange. The region near the crosslink appears to offer large accessibility to solvent. The imino proton of G 6 * could not be assigned because of a very fast chemical exchange. This is consistent with its location in the major groove due to the syn conformation of G 6 *.
Several cross-peaks were detected between amino protons of cytosines and imino protons of their paired guanines as well as between H 2 protons of adenines and imino protons of their paired thymines. Therefore, Watson-Crick pairings C 1 -G 24 , T 2 -A 23 , C 3 -G 22 , T 4 -A 21 , G 8 -C 17 , T 9 -A 16 , C 10 -G 15 , T 11 -A 14 and C 12 -G 13 could be confirmed. Connectivities between amino protons of cytosines and CH 3 of their 5′-neighboring thymines were also detected, except between C 19 * and T 18 .
Other anomalies were observed in the spectra in H 2 O. The amino protons of the cross-linked C 19 * had chemical shifts of 7.37 and 7.26 p.p.m., respectively. These chemical shifts are slightly downfield shifted as compared to the ones corresponding to non-hydrogen bonded protons (6.76-7.10 p.p.m.) and are characteristic of a weakly paired cytosine or a cytosine involved in a hydrogen bond arrangement different from Watson-Crick pairing. Finally, amino protons of C 5 , readily 
Structural features of the interstrand cross-linked duplex
In addition to NOE-derived restraints on distances, a large number of restraints on valence or dihedral angles, sugar phases and amplitudes were deduced from NMR data and used for structure determination with the JUMNA program. All sugars are constrained to be in the south conformation with a pseudorotation phase angle in the range 140-190°and an amplitude of 30-40°. This is deduced from H1′-H4′ distances of every sugar moiety and the H1′-H2′/H1′-H2′′ cross-peaks observed for all the residues in the COSY spectrum.
Energy minimization was performed with 330 constraints and, after three iterations, the overall process (see Materials and Methods) resulted in a reasonable agreement between the calculated distances and all the inter-proton distances constituting the constrained database. An NMR R-factor of 17% was obtained. Our constrained molecular mechanics calculation led to structures belonging to the same family. The average refined structure is shown in Figure 4 .
The structural properties were analyzed using the CURVES algorithm (36) . The distortion induced by the platinum moiety is restricted to the cross-linked bases and their adjacent neighbors, the rest of the duplex adopting a B-conformation. Base pair parameters obtained with the program CURVES are listed in Table 2 . There is an increased rise between C 5 -G 20 /G 6 *-C 19 * (5.3 Å) and G 6 *-C 19 */A 7 -T 18 (5.1 Å). The platinum ammine groups are placed above and below the planes of the cross-linked residues, and interact with the adjacent base pairs, pushing them away along the axis of the double helix. The average twist angle value (ω = 36.4°) is close to the B-conformation value, and thus no global unwinding is found for the whole duplex, although unwinding and overwinding values are found from T 4 to G 8 ( Table 2 ).
The platinated residue G 6 * adopts a syn conformation (χ = 47°), whereas all the other residues are in the anti conformation (-100°< χ < -121°). The platinated G 6 * is rotated around the N7(G 6 *)-N3(C 19 *) axis with a propeller twist of 166°. This has already been observed in the crystals of methylated guanine and cytosine residues cross-linked by transplatin (37) . The rotation resulted in a Hoogsteen-type pairing of G 6 * and C 19 * constrained by the metal chelation and stabilized by a hydrogen bond between O6(G 6 *) and N4H(C 19 *) (Fig. 5) .
The local distortion induced by the transplatin cross-link slightly affects the conformation of the sugar rings of C 5 which is C1′-exo (P = 138°), and of A 7 and C 19 * which are C3′-exo (P = 185°and 181°, respectively). All other sugars adopt a C2′-endo conformation (148°< P < 179°). Some alteration in the torsion angle values have also been determined by CURVES, especially the α (P-O5′) and γ (C5′-C4′) angles for C 5 , G 6 *, A 7 , T 18 and C 19 *. The platinated duplex is slightly bent by~20°t oward the minor groove.
CONCLUSION
The NMR study reported here provides the first high resolution structure of a DNA helix containing a transplatin interstrand cross-link between complementary G and C residues, this adduct being the major bifunctional adduct formed in the reaction between double-stranded DNA and transplatin (15) . It confirms and extends our previous analysis of a DNA duplex containing a single transplatin interstrand cross-link which was conducted with conventional biochemical approaches (21) . For instance, it unambiguously proves the syn conformation of the cross-linked G residue. It indicates that the helix is slightly bent (20°) towards the minor groove. The whole double helix does not seem to be unwound whereas the electrophoretic mobility data suggest a short unwinding (12°). Although the discrepancy may reflect inaccuracy in one or both methods, it also rules out a large unwinding of the helix resulting from the presence of a transplatin interstrand cross-link. The distortion induced by the cross-link spreads over 2 bp on the 5′-and 3′-sides of the complex. These complementary nucleotides are paired but as compared to B-DNA, the puckering of the sugars and the twist angles are changed. An interesting point concerns the location of the ammine groups of the transplatin residue. In crystal structures of transplatin-modified nucleobases it has been found that the ammine groups have different locations but can be close to the nucleobases and leave the stacking interaction almost unchanged (38, 39) . In the transplatin-modified duplex the ammine groups are above and below the plane of the cross-linked residues, respectively, interact with the adjacent base pairs and push them away along the axis of the double helix. This could explain, at least in part, the slow closure of the monofunctional adduct into an interstrand cross-link (t 1/2 > 17 h). In order to locate the platinum residue near the N3 of the cytosine residue complementary to the monofunctional adduct, two events have to occur concomitantly, i.e. rotation of the platinated guanine residue from the anti to the syn conformation and displacement of the adjacent base pairs along the axis of the double helix. Along these lines, one expects the rate of the interstrand crosslinking reaction to be sensitive to local conformational modifications of the DNA double helix. This can be achieved in several ways. In addition to the effects of salt and temperature on melting of the duplex and/or the presence of adducts in the vicinity of the reactive species (17) 2 ] forms fewer interstrand cross-links and the reaction is slower (40) (41) (42) .
A final comment concerns rearrangement of the transplatin (G1,G3) intrastrand cross-links into interstrand cross-links. The (G1,G3) intrastrand cross-links are formed in the reaction between transplatin and the sequence GNG within singlestranded oligonucleotides but not within double-stranded oligonucleotides. Pairing of the platinated single-stranded oligonucleotides with their complementary strands promotes rearrangement of the intrastrand cross-links into interstrand cross-links. The rate of rearrangement and the nature of the resulting interstrand cross-links depend upon several parameters (8, 24) . For example, replacement of the triplet facing the intrastrand cross-link by a TA or UA doublet increases the rate of rearrangement and G1 is cross-linked to A and no longer to the complementary C. Knowledge of the structure reported here and that of a DNA 12/11mer containing a transplatin interstrand cross-link G-A (B.Andersen, E.Bernal-Mendez, M.Leng and E.Sletten, in preparation) should help in our understanding of the mechanism of the linkage isomerization reaction and in designing platinum(II) complexes that favor a faster reaction. 
